Five cosmid clones with insert sizes averaging 22.6 kilobases (kb) were isolated after complementation of 22 TnS-induced Sid-mutants of Pseudomonas sp. strain M114. One of these plasmids (pMS639) was also shown to encode ferric-siderophore receptor and dissociation functions. The receptor gene was located on this plasmid since introduction of the plasmid into three wild-type fluorescent pseudomonads enabled them to utilize the ferric-siderophore from strain M114. The presence of an extra iron-regulated protein in the outer membrane proffle of one of these strains was detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. A ferric-siderophore dissociation gene was attributed to pMS639 since it complemented the ferric-siderophore uptake mutation in strain M114FR2. This mutant was not defective in the outer membrane receptor for ferric-siderophore but apparently accumulated ferric-siderophore internally. Since ferric-citrate alleviated the iron stress of the mutant, there was no defect in iron metabolism subsequent to release of iron from the ferric-siderophore complex. Consequently, this mutant was defective in ferric-siderophore dissociation. A fur-like regulatory gene also present on pMS639 was subcloned to a 7.0-kb BgllI insert of pCUP5 and was located -7.3 kb from the receptor region. These results established that the 27.2-kb insert of pMS639 encoded at least two siderophore biosynthesis genes, ferric-siderophore receptor and dissociation genes, and afur-like regulatory gene from the biocontrol fluorescent Pseudomonas sp. strain M114.
Beneficial effects of plant colonization with fluorescent Pseudomonas strains have been reported in the last decade for a wide variety of crops (17, 43) . These effects have been shown in several cases to be mediated through the control of disease organisms (13, 40, 45) . Deprivation of ferric iron due to the secretion of iron-binding compounds (siderophores) has been proposed as a major factor in the disease suppression ability of these fluorescent Pseudomonas strains (5, 22) . The resulting Fe3+-siderophore complex cannot be used by most other organisms because they lack the required uptake mechanism. However, the producing pseudomonad can utilize its cognate Fe3+-siderophore complex by means of an uptake mechanism which is mediated via a specific receptor in the outer membrane (28) . If these bacteria are to be further exploited commercially for the control of plant root pathogens, a thorough insight into the genetic mechanisms by which the high-affinity iron uptake system operates is required.
The complexity of the genetic system encoding the iron uptake functions in fluorescent pseudomonads is evident from recent work on these bacteria. Marugg et al. (31) have shown that there are at least five transcriptional units required for the biosynthesis of the fluorescent siderophore from Pseudomonas sp. strain WCS358 and that these genes are clustered within 33 .5 kilobases (kb) of DNA. The gene encoding the outer membrane receptor for the ferric-siderophore from Pseudomonas sp. strain B10 has also been cloned, and it was found to be closely associated with siderophore biosynthesis genes (28) . In our laboratory, we have cloned a gene which is involved in the regulation of both siderophore biosynthesis and uptake genes of strain M114 (38) . There appear to be a number of parallels at the genetic level between the iron uptake mechanism of fluores-* Corresponding author. cent pseudomonads and the well-characterized iron uptake mechanisms of Escherichia coli. For example, there are a number of genes involving at least four different transcriptional units necessary for the biosynthesis of the enterobactin siderophore of E. coli (39) . Furthermore, these biosynthesis genes are clustered with genes involved in the uptake of ferric-enterobactin, including the gene encoding the outer membrane receptor for this complex (fepA) (39) and the fes gene encoding ferric-enterobactin esterase (23) . This enzyme catalyzes the hydrolysis of the enterobactin moiety, resulting in the reductive release of iron from the ferric-enterobactin complex (24) . It is not yet established how fluorescent pseudomonads obtain iron from the ferric-siderophore complex, but it is likely that a reductive process is employed. Ferric-iron reductases have been detected in a number of different bacteria including Agrobacterium species (26), Bacillus species (1), Paracoccus species (44), Mycobacterium species (34), Azotobacter species (20) , Rhodopseudomonas species (35) , and Pseudomonas aeruginosa (14) , as well as some fungi (15) . The regulation of the individual iron uptake mechanisms in E. coli is mediated by the product of the fur gene (4, 19) . Thefur gene is located at 15.7 min on the E. coli chromosome and is not linked to any functional component of the iron uptake systems (3) . Fur also regulates expression of cir (colicin I receptor) (18) and sltAB (shigalike toxin) (9) in E. coli.
In this study, we characterized a novel ferric-siderophore uptake mutant of fluorescent Pseudomonas sp. strain M114, which is apparently defective in the internal dissociation of the ferric-siderophore complex. Complementation of this mutant resulted in the localization of the cognate gene(s) on a cosmid clone which also encoded ferric-siderophore receptor, siderophore biosynthesis, and the fur-like repressor genes. MATERIALS AND METHODS Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are described in Table 1 .
Media and growth conditions. Pseudomonas strains were cultured on minimal sucrose-asparagine (SA) (40) , Kings B (21) , and chrome azurol S indicator (CAS) (41) media at 28°C. E. coli strains were grown in LB medium (29) at 37°C. Clostridial strains were maintained on reinforced clostridial medium (Oxoid Ltd., London, England) anaerobically at 30°C. Kanamycin, tetracycline, streptomycin, and ampicillin were used as required at 20, 10, 25, and 100 ,ug/ml, respectively. However, when selecting for tetracycline resistance (Tcr) plasmids in Pseudomonas species, 70 ,ug of tetracycline per ml was used. Ethylenediamine di(o-hydroxyphenyl)acetic acid (EDDA) and ferric iron (FeCl3) were added as indicated.
TnS mutagenesis. TnS-mediated mutagenesis of Pseudomonas species was done as described previously (38 (29) .
Antibiosis assays. Pseudomonas strains were spot inoculated on Kings B agar plates, using 10 ,ul of a freshly grown culture. Plates were then incubated at 28°C for 24 h before being overlaid with a freshly grown suspension of Clostridium tyrobutyricum HKIII in reinforced clostridial medium and 0.7% agar. Plates were incubated anaerobically at 30°C for 24 h before being photographed.
Characterization of siderophore production and outer membrane proteins. Absorbtion spectra of culture supernatants were obtained as described previously (38) . The outer membranes of Pseudomonas strains were isolated by the method of Chart and Trust (11) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and densitometer tracings of outer membrane proteins were done as described previously (38) .
Cross-feeding of siderophores by different strains. To determine whether a strain could utilize a siderophore from another strain for the purpose of obtaining ferric iron, the strains in question were streaked on SA plates containing EDDA (0 to 3.0 ,uM) as indicated in Fig. 1A . The producing strain was streaked along the center of the plate and incubated at 28°C for 36 h. The test strain was then streaked parallel to the producing strain at two different distances from the initial streak. Plates were further incubated at 28°C for 24 ,ul of a 5 mM solution of 2,2'-dipyridyl (strong ferrous iron chelator at acid pH [8] ) resulting in a final pH of <3.0. The A420 and A550 were measured after 3 min. All samples contained equal protein concentrations. Relative units of ferrous iron were expressed as optical density at 550 nmoptical density at 420 nm, which gives an estimation of the relative intensity of the purple-red color developed by the bipyridyl-ferrous iron complex. 
RESULTS
Cloning of genes involved in siderophore biosynthesis. We used a mutant complementation strategy to clone genes involved in siderophore-mediated iron uptake in Pseudomonas sp. strain M114. Evidence for the clustering of siderophore biosynthesis and uptake genes has previously been reported for Pseudomonas spp. (28, 30) . As mutants defective in fluorescent siderophore production have an easily identifiable phenotype, we initially cloned siderophore biosynthesis genes by complementation and subsequently examined flanking DNA regions for other iron uptake functions.
TnS-induced mutants of strain M114 were screened for loss of siderophore production on low-iron SA medium. Twenty-two colonies which had lost the ability to fluoresce were selected. These Flu-mutants were then characterized for their ability to grow on SA media containing the ferric iron chelator EDDA. On EDDA concentrations in the range of 0 to 0.3 mM, the growth of the Flu-mutants was retarded when compared with that of the parent strain M114. However, growth was still possible up to 0.2 mM EDDA. This indicated a reduced ability to grow in low iron conditions. Further evidence that these mutants lacked an effective siderophore was obtained by examining their phenotype on CAS agar plates. This medium contains a blue Fe3"-dye complex (chrome azurol S-Fe3+-HDTMA) which turns orange when the ferric iron is removed by a siderophore (41) . On this medium, the wild-type strain M114 produced an orange halo, indicating the presence of an effective siderophore. However, the Flu-mutants failed to produce a halo when grown on this medium, indicating that these mutants did not produce the active siderophore (Sid-). The ability of the Sid-mutants to inhibit the growth of clostridia in a bioassay for siderophore was also investigated. As clostridial growth was monitored anaerobically, no pseudomonad growth was possible under these conditions. The wild-type strain M114 was capable of retarding the growth of C. tyrobutyricum HKIII, resulting in an inhibition zone of -8 mm around the pseudomonad colony, as was the siderophore regulatory mutant strain M114FR1 (10-mm inhibition zone). This mutant also inhibited the test culture on highiron media (7-mm inhibition zone), as it continued to secrete siderophore under these conditions. However, a selected Sid-mutant (M114B1) failed to inhibit the clostridial culture.
By complementing these Sid-mutants with a pLAFR1-based gene bank of the parent strain M114, we isolated five cosmid clones (Table 2 ). Physical analysis of these clones with EcoRI and BglII restriction enzymes revealed overlapping regions in the DNA inserts. Furthermore, some Sidmutants were complemented by more than one clone ( Table  2 ). The complementation data presented in Table 2 that a minimum of five siderophore biosynthetic genes were encoded on these clones.
Isolation of ferric-siderophore outer membrane receptor gene. These "siderophore clones" were analyzed to determine whether they also contained the ferric-siderophore outer membrane receptor gene. For this purpose, wild-type Pseudomonas strains were analyzed by the cross-feeding strategy outlined in Fig. 1A to determine whether they could utilize M114 siderophore. Three strains, B24, NC6, and NC3, which were isolated from sugar beet roots were unable to utilize M114 siderophore as a means of obtaining ferric iron for growth. It has been previously suggested that the specificity of the outer membrane receptor dictates whether one Pseudomonas strain can utilize the siderophore from another strain (28, 30) . Consequently, if strains B24, NC6, and NC3 acquired the receptor for M114 Fe3+-siderophore, it would be expected they would then utilize M114 siderophore. The five clones containing siderophore biosynthesis genes (Table 2) were conjugated into these three strains, and the ability of the resulting exconjugants to utilize M114 siderophore was analyzed. One clone, pMS639, enabled the three strains to utilize M114 siderophore (Fig. 1B) . To determine whether this plasmid encoded a gene for a putative ferric-siderophore receptor, the outer membrane proteins of strain NC3 and the same strain containing pMS639 were compared (Fig. 2) . The wild-type strain NC3 contained an iron-regulated outer membrane protein band of -88 kilodaltons (kDa) (data not shown). However, strain NC3 containing pMS639 also contained an extra, larger, ironregulated protein (Fig. 2) . This band would be consistent with the expression of a -89-kDa receptor from strain M114 in NC3.
Plasmid pMS639 was subcloned by ligating an EcoRI digest of this plasmid into the broad-host-range plasmid pKT231 (2) . One plasmid derivative (pCUP2) was identified which enabled strain NC3 to utilize M114 ferric-siderophore based on the cross-feeding strategy depicted in Fig. 1A .
Plasmid pCUP2 also resulted in the incorporation of the extra protein in the outer membrane of strain NC3. This plasmid contained an EcoRI fragment of -7.8 kb, which was also cloned into the promoter probe plasmid pMP220 (42) . As the resulting plasmid (pCUP3) was shown to enable strain NC3 to utilize M114 ferric-siderophore, the expression of the gene encoding the putative receptor was likely to be controlled by a promoter region within the 7.8-kb fragment.
Identffication of novel ferric-siderophore uptake gene. We previously isolated a putative ferric-siderophore uptake mutant of strain M114 (38) . This study revealed that this mutant (strain M114FR2) was unable to obtain iron from the ferricsiderophore complex of strain M114. This conclusion was based on the following observations. (i) Unlike the wild-type strain, M114FR2 secreted siderophore during growth on SA medium containing 100 ,uM FeCl3. Furthermore, on CAS medium, it produced a much larger orange halo in comparison with the parent strain M114. (ii) Growth of strain M114FR2 on low-iron medium was severely retarded. In fact, confluent growth on SA medium was only attained when >100 ,uM FeCl3 was incorporated in the medium. (iii) Strain M114FR2 was, however, able to regulate the production of siderophore since it was switched off during growth on 250 ,uM FeCl3 (Fig. 3) . The addition of 20 ,uM citrate to SA medium also alleviated the growth defect on low iron, and under these conditions, the production of siderophore was also switched off. Citrate is a chelator of iron, and some microorganisms are capable of utilizing this complex, which is transported by an independent mechanism (46). Consequently, strain M114FR2 was capable of achieving normal growth once a source of available iron was present inside the cell. (iv) Siderophore from strain M114 inhibited the growth of strain M114FR2. This was demonstrated by using the cross-feeding strategy depicted in Fig. 1A M114 contained four iron-regulated polypeptides (81, 88, 89, and 92 kDa) (38) , and these proteins did not appear to be defective in the TnS-induced mutant strain M114FR2 (Fig.  4) . Confirmation that strain M114FR2 contained a functional receptor system was obtained from "5Fe distribution studies.
After pulse-labeling with 55Fe, it was demonstrated that the membrane fraction of strain M114FR2 contained more iron per microgram of protein than the wild-type preparation.
To determine whether the ferric-siderophore complex remained in the membrane of strain M114FR2 or, alternatively, accumulated in the cytosol, the concentration of Fe in fractions Cl (crude cytosol fraction) and C2 (enriched cytosol fraction) was compared with that of the wild-type strain. In fraction Cl, strain M114FR2 contained 1.4 times as much "5Fe per microgram of protein than strain M114 (Fig. 5A ).
However, in fraction C2, which had less membrane contamination than Cl, strain M114FR2 contained -2.2 times more 55Fe than the parent strain (Fig. 5A ). This strongly suggested that there was an accumulation of iron within the cell in strain M114FR2, indicating that the defect in iron metabolism may be in the release of ferric iron from the ferricsiderophore complex. Further evidence for this suggestion was obtained by measuring the relative concentrations of ferrous iron in fractions Cl and C2 of strains M114FR2 and M114. The wild-type strain was found to have -1.8 times more Fe2+ than strain M114FR2, even though it contained -1.4 times less total iron than strain M114FR2 in this fraction (Fig. 5B) . These results suggested that strain M114FR2 was unable to reductively remove iron from the ferric-siderophore complex.
The siderophore clones (Table 2) were conjugated into strain M114FR2 to test for complementing ability. Plasmid pMS639 was found to reverse the phenotype of strain M114FR2 on CAS agar plates. Further characterization of this complemented strain revealed that growth on low-iron media was restored and that siderophore from the wild-type strain did not inhibit growth. However, pCUP2, which encoded the gene for the ferric-siderophore receptor, did not complement strain M114FR2, indicating that the gene(s) encoding ferric-siderophore dissociation was at a different locus on the 27.2-kb insert of pMS639.
Localization of fur-like regulatory gene. We have previously shown that pMS639 complements the siderophore regulatory mutant strain M114FR1 (38) . However, pCUP3, which contained the receptor gene, did not complement this mutant. The regulatory gene was subcloned by a BlgII cloning of pMS639 into pMP190. One subclone, pCUP5, was selected which was capable of restoring the regulation by iron on the production of siderophore in strain M114FR1. This plasmid contained a 7.0-kb Bglll fragment, which was mapped within the large 15.2-kb EcoRI fragment of pMS639 (Fig. 6) . As vector transcription initiation sites are not thought to influence transcription of fragments cloned into the BglII site of pMP190 (42) , the expression of the regulatory gene was probably controlled by a promoter region from within this 7.0-kb BgIIl fragment. The genetic locus encoding the outer membrane receptor for ferric-siderophore from strain M114 was situated at a distance of -7.3 kb from the regulatory region (Fig. 6) . The siderophore biosynthesis locus within pMS639 was not precisely mapped but was not located on either pCUP5 or pCUP2. These results indicated that genes controlling siderophore biosynthesis, Fe3+-siderophore receptor, and dissociation, as well as the Furlike repressor of the iron uptake system in strain M114, were clustered within the 27.2-kb DNA insert of pMS639.
DISCUSSION
Plasmid pMS639, which we previously isolated after complementation of afur-like mutation in strain M114 (38) , was found in this study to complement five siderophore biosynthesis mutants. It was also shown to encode ferric-siderophore receptor and dissociation functions. Recently, the gene encoding the outer membrane receptor for ferricsiderophore from Pseudomonas sp. strain WCS358 was cloned and was found to be clustered with siderophore biosynthesis genes (30) . We report a similar observation with strain M114. In addition, by complementation of mutant strain M114FR2, we located an additional gene involved in the release of iron from the ferric-siderophore complex.
Characterization of mutant strain M114FR2 revealed that the mutation affected the internal release of iron from the ferric-siderophore complex, which resulted in an internal accumulation of iron to -2.2 times the wild-type level (0.17 ng/,ug of protein) (Fig. 5A ). This wild-type cytoplasmic iron concentration corresponded very well with the value ob- .1OQ 36 (33) . Since citrate alleviated the iron stress of strain M114FR2, no defect in iron metabolism subsequent to the release of iron from the ferric-siderophore complex was present. This suggested that the defect was either in a ferric-siderophore reductase or in an enzymatic hydrolysis of the ferric-siderophore before reduction. A similar hydrolysis step of ferric-enterobactin was suggested to be necessary before the reductive release of iron from this complex (24) . Further characterization of the mutation in strain M114FR2 may help to elucidate the precise mechanism by which iron is removed internally from the ferric-siderophore complex.
Complementation of siderophore biosynthesis mutants resulted in the isolation of five cosmid clones with inserts averaging 22.6 kb. Siderophore biosynthesis genes from other fluorescent pseudomonads have also been cloned, and DNA regions of >30 kb were required for encoding these functions (32, 36) . It has been estimated that a minimum of 12 genes are needed for the biosynthesis of pseudobactinlike siderophores. This was suggested to be reasonable considering the structural complexity of these fluorescent siderophores (36) .
The gene encoding the outer membrane receptor for ferric-siderophore from strain M114 was localized to a 7.8-kb insert of pCUP2. This cloned receptor gene was sufficient to enable three wild-type Pseudomonas strains to utilize ferricsiderophore from strain M114. This phenomenon has been observed previously when cloned receptor genes from fluorescent pseudomonads enabled other strains to utilize the cognate ferric-siderophore (28, 30) . Furthermore, the receptor of strain M114 was not found to be solely specific for ferric-siderophore from strain M114. Plasmid pCUP2 also enabled strain B24 to utilize two other ferric-siderophore complexes from unrelated strains. These siderophores were different from M114 siderophore but had characteristics similar to pseudobactin-like siderophores as determined by chemical analysis (J. Glennon and F. O'Gara, unpublished data). Consequently, outer membrane receptors from some fluorescent pseudomonads may be capable of recognizing ferric-siderophores from other strains. It has previously been suggested that this property is an important feature of a successful root colonizer, as the ability to exploit siderophores from competing strains may enhance survival prospects (25) .
We have previously described the isolation of a siderophore regulatory mutant and the cognate fur-like regulatory gene on pMS639 (38) . We have now localized this gene to a 7.0-kb BglII fragment of pCUP5. This 7.0-kb "regulatory locus" is situated -7.3 kb from the 7.8-kb region of pMS639 containing the receptor gene (Fig. 6 ). Two siderophore biosynthesis mutants which were complemented by pMS639 were also complemented by pMS118 (Table 2) , suggesting overlap between the two clones. However, a restriction map of pMS118 (38) shows that there are no common EcoRI bands with pMS639. This may indicate that some siderophore biosynthesis functions are duplicated on the chromosome of strain M114. We have yet to determine the precise amount of DNA required to encode the entire iron uptake mechanism. The cloning of this entire gene cluster may facilitate the introduction and expression of this mechanism in other plant-beneficial bacteria to increase their iron competitiveness in the rhizosphere.
